The evaluation of process-based models (PBM) includes ascertaining their ability to produce 23 results consistent with forest growth in the past. In this study, we parameterized and 24 evaluated the hybrid model, PipeQual, with datasets containing traditional mensuration 25 variables collected from permanent sample plots (PSP) of even-aged Norway spruce (Picea 26 abies (L.) Karst) stands in Finland. To initialize the model in middle of stand development 27 and reproduce observed changes in Norway spruce crown structure, the built-in empirical 28 relationships of crown characteristics were made explicitly dependent of light environment. 29 After these modifications, the model accuracy at the whole dataset level was high, slope 30 values of linear regressions between the observations and simulations ranging from 0.77 to 31 0.99 depending on the variable. The average bias in stand dominant height ranged between -32 0.72 -0.07 m, -0.68 -0.57 cm in stand mean diameter, -2.62 -1.92 m 2 in stand basal area 33
evaluating PBMs and hybrid models with PSP data, a specific challenge is that most of the 73 PSPs have been established after juvenile stage in stands of pole or mature stage. The PBMs 74 usually contain a large number of state variables to be initialized, but only a subset of these is 75 available in the PSP data. The PBMs are therefore usually initialized at the seedling or 76 sapling stage where forest management has not yet affected tree or stand structure (e.g., 77
Pérez-Cruzado et al. 2011) and required state variables are easier to attain. If stand 78 management prior to the first PSP measurement has been recorded, the initial state can be 79 estimated through simulation from stand establishment to the first measurement, possibly 80 combined with some calibration (e.g. Kantola et al. 2007 ). However, this method is 81 problematic for model applications as the management history of forest stands is usually 82 unknown and actual management pathways vary considerably. 83
In the hybrid stand growth model PipeQual (Mäkelä et al. 1997; Mäkelä and Mäkinen 2003; 84 Kantola et al. 2007 ), the initial data requirements are low because the model uses structural 85 constraints that connect standard forestry variables with each other and functional biomasses. 86
In addition to these constraints, we hypothesized here that connecting the tree and crown 87 structure more tightly to stand light conditions would allow us to account for the adaptation 88 of tree structure occurring from sapling to subsequent developmental stages and solve this 89 way the initialization problem in the middle of stand development. 90
The objective of this study was to test the PipeQual model for spruce against PSP data in 91 southern and central Finland, with special focus on requirements outlined below. In 92 particular, we aimed at modifying the model to make it applicable from any initial state 93 measured in the field, regardless of stand age. In case the results deviate from the 94 D r a f t 5 measurements, our aim was to interpret the causes of this in terms of model assumptions. 95
Finally, we interpreted the results from the perspective of evaluating PBMs against PSP data 96 in general. 97 D r a f t 6 describe the key characteristics of the model, as well as outline some further modifications 117 made in this study. 118
The stand is described as a distribution of tree size classes. Each class is represented by its 119 mean tree and stocking density. Annual photosynthetic production is first computed for the 120 whole stand and then allocated to trees using a modified Lambert-Beer equation (Duursma 121 and Mäkelä 2007). This is input to the TREE module where the growth of trees is derived 122 from the carbon balance of the mean tree of the size class. The mean tree acquires carbon, 123 respires, and loses biomass through turnover. Growth is allocated to foliage, branches, stem, 124 coarse roots and fine roots to maintain a regular structure derived from the pipe model 125 In the original PipeQual model (Mäkelä et al. 1997 (Mäkelä et al. , 2000 , stand density effects on tree 146 structure were described on the basis of crown coverage which mediated both crown rise and 147 mortality. No other density impacts on tree and stand structure were included. In order to 148 improve the description of tree interactions in the model, here foliage density and crown 149 width were made responsive to the competitive position of the tree. We made these explicitly 150 dependent on the light availability to the trees instead of crown coverage. 151
The proportion of photosynthetically active light reaching height ‫ݔ‬ in the canopy is calculated 152 in the model as 153
(1) 154 where ‫ܪ‬ is canopy height, ݈ is the vertical leaf area distribution of tree class ݅, ݇ ,eff is the 155 effective extinction coefficient of tree class ݅ (Duursma and Mäkelä 2007) . The mean light 156 environment experienced by tree class ݅ is characterised as 157
158 where ‫ܪ‬ and ‫ܪ‬ C are the height and crown base height of tree class ݅, respectively. 159 D r a f t 8 Using these definitions, crown rise was made dependent on the light conditions at the base of 160 the crown. Firstly, we assumed the rise of the crown to follow the height growth as suggested 161
by Valentine and Mäkelä (2005) : 162
163 and secondly, we made the coefficient ‫ݏ‬ C dependent on the proportion of light reaching the 164 base of the crown of the tree class in a ramp-like manner as follows: 165
Here, ܽ and ݂ are parameters (Table S1 ). In other words, crown rise occurs if the light level 167 below the crown goes below a threshold, then rapidly accelerates to match height growth as 168 the light levels fall ( Figure S1 ). 169
In addition, plasticity of the crowns was assumed in two parameters. The foliage density 170 parameter ߦ was allowed to decline in trees in very poor light as follows: 171
where ߦ is the value of this parameter in good and moderate light conditions and ݂ ଵ is the 172 relative light level below which foliage density declines (Table S1) . 173
Secondly, the growth of branch length was assumed to be regulated by the stand crown 174 coverage ‫ܣ‬ tot ; in sparser stands crowns were assumed to grow wider than in denser stands: 175
where ߛ is the steady-state crown radius to crown length ratio, ߛ is that ratio in a sparse 177 stand, and ‫ܣ‬ tot,0 is a parameter (Table S1) 
Initialisation of the model 211
Because of the structural constraints in PipeQual, the initial state of each tree can be 212 computed from tree height, breast height diameter, crown base height and tree age.The initial 213 values of tree height, D1.3, and tree age were constructed for the size classes of the simulated 214 stands from the first measurement of each PSP. The crown base heights needed for the 215 determination of the crown ratio were not measured in the first measurements of PSPs and 216 were thus determined by an empirical model (see below, eqs. 10 and 11). The diameter 217 distribution of trees in the first measurement of each PSP was formed with two centimeter 218 class width and the mean tree height, crown ratio etc. in each class were computed (SAS 9.4, 219 D r a f t 11 SAS Institute Inc. 2015). This approach produced 10-20 size classes per plot which were used 220 to describe the stand structure in PipeQual initialization. 221
Tree height and crown ratio are used for deriving the initial foliage and fine root mass and 222 sapwood areas of the woody components in the TREE module (Mäkelä et al. 1997 ). The 223 WHORL module (Kantola et al. 2007 ) is thereafter used for initialising the vertical 224 distribution of variables across whorls, including whorl-mean branch length, branch and stem 225 sapwood area and foliage mass. Initial tree age is needed for setting the initial number of 226 whorls. This information is combined with breast height stem diameter for initialising the 227 stem and branch heartwood both in TREE and WHORL modules. Lengths and diameters of 228 individual branches are generated using empirical, stochastic functions for the number of 229 branches in each whorl and a disaggregation of mean basal area and length to individual 230 branches. 231
We predicted initial crown base heights by using the empirical model of Petersson (1997) in 232 its original form. We derived model parameter estimates from stand variables obtained from 233 the second, third etc. measurement of PSPs. The crown base height was measured in the field 234 as the height of the lowest living branch above which no more than one dead whorl exists. 235 Petersson's model utilizes both the tree level variables, like tree height, tree diameter and 236 H/D ratio, and stand level variables, like stand density, basal area, volume and age, in the 237 estimation of the crown base height: 238
where ‫ݕ‬ is the height of the crown base of tree ݅ in plot ݈ of stand ݇, ܾ and ‫ݔ‬ (݆ = 240 1, … ݊ሻ are the fixed-effect coefficients and independent variables, respectively, and ‫ݏ‬ 241 (stand) and ‫‬ (plot) account for the hierarchical data structure ( Table 2) 
Model evaluation 255
We simulated the development of each stand from the initial condition, i.e. from the age of 256 the first measurement of each PSP, until the stand reached the age of 100 years. In the 257 simulations, we applied a thinning routine where the same number of trees was removed as in 258 the field in each thinning. The share of removed trees per size class was based on the 259 proportion of stand basal area contained in each size class. Model accuracy at the whole dataset level was acceptable, suggesting that the simulations 271 were able to meet our requirement of initialization at an arbitrary stand age (REQ1). Slope 272 values between simulated and observed values ranged from 0.84 to 0.99 in different variables 273 ( Fig. 3 ). Slopes differed significantly from 1 (p < 0.001) in all variables indicating bias in 274 model predictions. However, AMB of stand mean diameter and dominant height were low 275 (Table 3) , indicating high overall accuracy. RMB was highest in stand volume ca. 8%. 276
Stand mean stem diameter was slightly overestimated in stands with dbh < 20 cm, while in 277 stands with larger mean diameter it was generally underestimated (Fig. 3a ). Stand dominant 278 height was predicted accurately in most of the stands throughout the observed range ( Fig. 3b ). 279 Simulated stand density followed the observed ( Fig. 3c ) as should be expected due to the 280 applied thinning routine where the same number of trees was removed as in the actual 281 thinnings. However, this also indicates the success of the applied mortality function (Reineke 282 1933). In only a few unthinned or lightly thinned stands, the model predicted a slightly higher 283 mortality rate than the measured one in the PSPs. The simulated diameter distributions of 284 stands were, however, narrower and more peaked than those observed ( Fig. 4 ). Both stand 285 basal area and volume were slightly underestimated ( Fig. 3d and e ), the AMB being 1.9 m 2 286 ha -1 and 29 m 3 ha -1 , respectively (Table 3) . Stands with the lowest volume were slightly 287 overestimated while stands with high stem volume were generally underestimated and 288 prediction error increased with increasing stand volume. 289 D r a f t 14 The annual volume increment (volume production) residuals were in average under 1 m 3 yr -1 290 ( Fig. 5a ) which we interpret to be small enough in order for the model to pass REQ2. There 291 was a trend from overestimation in the heavily treated sites to underestimation in the 292 unthinned stands. However, total annual increment also includes drain (harvests and 293 mortality). Separation of these shows that the model tended to underestimate net increment 294 (rate of change of standing volume) and overestimate drain ( Fig. 5b and c) but no treatment 295 effect was observed in these terms. 296
The results illustrated in Fig. 5 indicate that the model was able to meet REQ3, at least partly, 297 since the observed trend in residuals between treatments was reasonably small. In a closer 298 look, the simulated stand dynamics generally followed closely the observed patterns both in 299 the unthinned and thinned plots ( Fig. 6 ). However, in some stands (e.g. in Hauho, Fig. 6 ) 300 stand basal area was clearly overestimated in the unthinned and lightly thinned plots. A 301 similar pattern could be seen in stand volume. 302
For testing the REQ4, we analyzed the simulated height to diameter ratio (H/D), crown base 303 heights and stand leaf area index (LAI). Both simulated H/D and crown base height showed a 304 moderate correspondence with the observations (Fig. 7a and 8a ). The development of 305 simulated H/D over stand age followed a logical pattern, responding to thinning as expected 306
although not quite as strongly as observed ( Fig. 7b ). This deviation was especially clear in 307 heavily treated plots. The height to crown base was generally overestimated at the 308 initialization, the error being largest in the trees with low crown base heights (Fig. 8 ). The 309 simulated rise of the crown base and thinning response seemed generally to follow closely the 310 observed ( Fig. 8b ) and no treatment effect was observed in the residuals (data not shown). predicted higher stand LAI than these two empirical models ( Fig. 9a ). In most of the stands, 316
PipeQual and Repola's model predicted similar thinning responses while in Marklund's 317 model the development of LAI after thinning deviated from the other models ( Fig. 9b) . 318
In the comparison against the smaller independent dataset (Syst), the model showed similar 319 accuracy as in the larger Harkas PSP dataset ( Table 3 ). The level of stand mean diameter, 320
predicted dominant height and stand basal area did not deviate from the observations (p > 321 0.05) while the level of stand volume was underestimated (p = 0.006). In stand mean 322 diameter and stand volume, the residuals had a significant trend with stand age (p = 0.048 323 and 0.026, respectively). 324 325 Discussion 326
In this study, our main focus was on evaluating the PipeQual model for applications in 327 forestry practice, where data on standard forest mensuration variables are available from 328 stands at an arbitrary measurement age, and the aim is to make predictions about forest 329 growth and yield under different thinning schedules. While most empirical forest growth 330 models have been planned for precisely this type of use, process-based models are prone to 331 face a challenge because of their detailed input requirements and lack of variables relevant to 332 forest mensuration (Cuddington et al. 2013 ). However, there is a need for models capable of Nevertheless, the simulated crown rise was faster than the observed. This could partly be 402 caused by the model of Pettersson (1997) used for predicting initial height of crown base, in 403 some cases, produced initial crown base heights that were higher than the actual heights in 404 the subsequent measurements, although part of the effect evidently came from the model 405
dynamics. 406
Our results suggest that the physiological foundation of PipeQual was sufficient for 407 producing plausible growth responses to thinnings. According to ecological theory and 408 forestry experience, tree populations respond to thinning by increased diameter increment, 409 maintained or reduced height increment and reduced crown recession (Assmann 1970; 410 D r a f t D r a f t 
where ‫ܪ‬ is tree height, ‫ܪ‬ C is height to the crown base and ߦ and ‫ݖ‬ are parameters.
2) sapwood cross-sectional areas of stem ‫ܣ(‬ ௦ ), branches ‫ܣ(‬ ), and coarse roots ‫ܣ(‬ ), are related to foliage mass according to the pipe model:
where ߟ (݅ = ‫,ݏ‬ ܾ, ܿ) are parameters.
3) fine root mass, ܹ r , is related to foliage mass
where the parameter ߙ r depends on site fertility. Importantly, the foliage biomass is assumed to follow a ߚ-function which moves upward as tree height and crown base rise. This distribution gives rise to sapwood area in whorls, which turns into heartwood as the foliage reduces in the lower whorls. At the same time, stem heartwood accumulates when the wood loses its connection to live foliage.
Detailed stem and branch structure is described in the WHORL module which contains the sapwood and heartwood area and section length as state variables for each whorl. The 
S2. Parameter estimation
To estimate the parameters of new equations, the model was simulated with a range of plausible values, and a set of parameters providing a qualitatively reasonable output was selected. This was done prior to the quantitative model testing against the PSP data.
The initial values of the parameter ranges were either derived from the literature or set in such a way that the model produced logical responses at the stand level. In general, Figure S1 illustrates the Eqn 6 of study. Crown rise occurs if the light level below the crown goes below a threshold, then rapidly accelerates to match height growth as the light levels fall. 
The foliage density parameter ߦ relates foliage mass to crown length in good and moderate light ( Fig. S2) , while ݂ ଵ is the mean relative light level of the crown that causes the foliage density to decline (Fig. S3 ). The parameter ߦ was allowed to decline in trees in very poor light. Height growth response is very sensitive to the changes of this parameter (Fig. S2 ). In the model, crown rise follows the height growth as shown in Eqns S2 and S3 and Figure   S1 . The parameter f 0 in ‫ݏ‬ function defines the light level at which the rate of crown rise is half of the height growth rate (Fig. S4 ) while the parameter a determines the steepness of the curve: if a is large, the switch from no crown rise to maximum crown rise is abrupt, whereas for small a the effect of declining light is gradual (Fig. S5 ). 
